Polychlorobiphenyls (PCBs), polybromodiphenylethers (PBDEs) and organochlorine pesticides (OCPs), such as dichlorodiphenyltrichloroethane (DDT) and hexachlorobenzene (HCB), are considered as endocrine disruptors in laboratory and wild animals. This study investigated whether these compounds and their hydroxylated metabolites (HO-PCBs and HO-PBDEs) may affect the homoeostasis of vitamin A, a dietary hormone, in the blubber and serum of twenty lactating grey seals sampled at early and late lactation on the Isle of May, Scotland. The effect of naturally produced compounds such as the methoxylated (MeO)-PBDEs was also examined. Vitamin A levels in inner blubber (37 7 9 mg/g wet weight (ww) and 92 7 32 mg/g ww at early and late lactation, respectively) and serum (408 7 143 and 390 7 98 ng/ml at early and late lactation, respectively) appeared to be positively related to SPCBs, SPBDEs and several individual PCB and PBDE congeners in inner blubber and serum. These findings may suggest enhanced mobilisation of hepatic retinoid stores and redistribution in the blubber, a storage site for vitamin A in marine mammals. We have also reported that serum concentrations of SHO-PCBs and 4-OH-CB107 tended to increase with circulating vitamin A levels. Although the direction of the relationships may sometimes differ from those reported in the literature, our results are in agreement with previous findings highlighting a disruption of vitamin A homoeostasis in the blubber and bloodstream following exposure to environmental pollutants. The fact that vitamin A and PCBs appeared to share common mechanisms of mobilisation and transfer during lactation in grey seals (Debier et al., 2004; Vanden Berghe et al., 2010) may also play a role in the different relationships observed between vitamin A and lipophilic pollutants.
Introduction
Persistent organic pollutants (POPs), such as polychlorobiphenyls (PCBs), polybromodiphenylethers (PBDEs) and organochlorine pesticides (OCPs), biomagnify in adipose tissue through the marine food web due to their persistence and lipophilicity (Law et al., 2003; Muir et al., 2003; Borja et al., 2005; Wolkers et al., 2006) . Top predators, such as marine mammals, are therefore particularly sensitive to the accumulation of these pollutants that have been associated with reproduction impairment, endocrine disruption and/or immunotoxicity in several species (Sørmo et al., 2009; Letcher et al., 2010; Routti et al., 2010a) . Various types of biomarkers for environmental contaminant exposure have been proposed in order to provide information on the overall health of marine mammals. Vitamin A (or retinol) represents one of these biomarkers . It is essential for vision, reproduction, immune functions, growth and development (Blomhoff, 1994; and a deficiency of this micronutrient induces important health consequences (West and Darnton-Hill, 2001 ).
The relationships between environmental pollutants and vitamin A homoeostasis have been well documented in humans, laboratory animals and wildlife species (Brouwer et al., 1998; Lans et al., 1993; Hallgren et al., 2001; Ellis-Hutchings et al., 2006; Nová k et al., 2008) . Most of these studies focussed on the impact of PCBs, and to a lesser extent of DDTs, HCB and PBDEs on vitamin A metabolism. Studies on laboratory and wild animals generally report depleted hepatic and adipose tissue retinoid stores as well as increased levels in the kidneys (Zile, 1992; Håkansson et al., 1994; Hallgren et al., 2001; Nyman et al., 2003; Ellis-Hutchings et al., 2006; Mos et al., 2007; Nová k et al., 2008) . In plasma, both an increase and a decrease of vitamin A levels have been observed, probably depending on the species, the physiological state and the concentrations at which the animals were exposed (Zile, 1992; Nyman et al., 2003; Nová k et al., 2008; Cesh et al., 2010; Delport et al., 2011) .
The mechanisms involved in the disruption of vitamin A homoeostasis by environmental pollutants are still not fully understood and a lot remains to be elucidated. Several environmental contaminants are known to disrupt the activity of enzymes involved in the storage, mobilisation and/or catabolism of vitamin A, interact with proteins of transport or alter the regulation of vitamin A nuclear receptors (Fig. 1 ). In the liver, contaminants such as 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), PCBs and pesticides were able to modulate the regulation of some cytochrome P450 (CYP) enzymes that are also involved in the metabolism and the catabolism of retinoic acid (Fig. 1 , points 1 and 2) (Boyer et al., 2000 , Leiva-Presa et al., 2006 Nová k et al., 2008) . The activity of enzymes that esterify retinol and hydrolyse retinyl esters such as retinyl ester hydrolase (REH), acyl-CoA:retinol acyltransferase (ARAT) and lecithin:retinol acyltransferase (LRAT) were also shown to be modulated by PCBs and TCDD in fish and laboratory animals ( Fig. 1, points 3 , 4 and 8) (Chen et al., 1992; Nilsson et al., 1996; Ndayibagira and Spear, 1999; Nilsson et al., 2000) . In addition, some hydroxylated PCB metabolites (HO-PCBs) can interact with transthyretin (TTR), as reported in vivo and in vitro in humans and rats. TTR is a protein involved in the blood transport of thyroxin (T 4 ) and the retinol binding protein (RBP)-retinol complex. The binding of HO-PCBs to TTR instead of T 4 lowers its affinity for the RBP-retinol complex, resulting in a greater urinary excretion of the RBP-retinol complex and thus a loss of vitamin A (Fig. 1, point 5 ) (Brouwer et al., 1998; Lans et al., 1993) . Similar interactions between some hydroxylated PBDE metabolites (HO-PBDEs) and human TTR have been found in vitro (Meerts et al., 2000) , suggesting that these metabolites may also be able to disrupt vitamin A homoeostasis (Fig. 1, point 5) . Finally, PCBs and TCDD may affect vitamin A metabolism at the nuclear level as reported in human keratinocytes and seal blubber (Fig. 1 , points 6 and 7) (Lorick et al., 1998; Mos et al., 2007) .
Contrary to HO-PCBs, HO-PBDEs may result either from the biotransformation of synthetic PBDEs or be produced by marine sponges and algae (Wiseman et al., 2011) . In addition, recent studies have shown that the demethylation of methoxylated polybrominated diphenyl ethers (MeO-PBDEs), compounds also naturally produced by marine organisms such as sponges and algae, could lead to the formation of HO-PBDEs, as demonstrated in vitro in microsomal fractions of several species of vertebrates (Wan et al., 2009; Wiseman et al., 2011) . The presence of MeOPBDEs in marine organisms may therefore be of particular concern. MeO-PBDEs can biomagnify in the food chain and have been measured in several marine mammals species, such as True's beaked whale (Mesoplodon mirus), beluga whale (Delphinapterus leucas), harbour porpoise (Phocoena phocoena) and harbour seal (Phoca vitulina) (Wolkers et al., 2004; Teuten et al., 2005; Weijs et al., 2009 ). In addition, the concentrations of MeO-PBDEs and especially tetrabrominated-MeO-PBDEs, have exceeded those of the anthropogenic PBDEs in several Australian marine mammals (Vetter et al., 2002) .
While several studies investigated the effects of PCBs and DDTs on vitamin A metabolism in marine mammals (Nyman et al., 2003; Tornero et al., 2006; Mos et al., 2007; Routti et al., 2010b; Vanden Berghe et al., 2010) , to our knowledge, none focussed on the relationships between vitamin A levels and PBDE contamination. However, PCBs and PBDEs share similar chemical properties and comparable adverse effects have been reported in several marine mammal species (Hall et al., 2003; Beineke et al., 2005; Peden-Adams et al., 2005) . Furthermore, an impact of PBDEs on the status of vitamin A has been reported in laboratory animals, as well as in birds (Hallgren et al., 2001; Fernie et al., 2005; Ellis-Hutchings et al., 2006; Cesh et al., 2010) . One can therefore assume that PBDEs may also affect vitamin A status in marine mammals.
The present study aimed to investigate the potential relationships between environmental pollutants (PBDEs, PCBs, their HOmetabolites and OCPs) and the levels of vitamin A in the blubber and serum of lactating grey seals (Halichoerus grypus). The relationships between the naturally produced MeO-PBDEs and vitamin A concentrations in maternal blubber and serum were also examined. Grey seals are characterised by having a short (from 16 to 21 days) and intense lactation period (Pomeroy et al., 1996) . During that time, females produce milk extremely rich in lipids (up to 60%), while fasting (Iverson et al., 1993; Pomeroy et al., 1996) . Because females do not eat throughout the lactation, milk lipids derive only from their own body stores. The mobilisation of such huge amounts of lipids from blubber results in the release of lipophilic pollutants into the bloodstream of the lactating females (Debier et al., 2003 Vanden Berghe et al., 2010) , exposing tissues to the potential harmful effects of these compounds. To our knowledge, this is the first study to examine the impact of PBDEs, HO-PCBs, HO-PBDEs and MeO-PBDEs on the vitamin A status in a free-ranging marine mammal species during the lactation period.
Material and methods

Seal Sampling
Lactating grey seals from the Isle of May (IOM), Scotland, were studied during the breeding season in November-December 2008. Twenty females were captured and sampled at early (days 2-5) and mid-late (days 14-17) lactation in order to collect blubber and blood serum samples. Sampling techniques are described elsewhere (Debier et al., 2002a (Debier et al., , 2003 Pomeroy et al., 1996) . Briefly, blood samples were obtained from the extradural vein and blubber biopsies were taken from the lateral pelvic area of each female with a 6-mm biopsy punch. To protect vitamin A against UV light, samples collected from each female were directly stored in an individual light-tight container. Samples were then transported to the field laboratory where blood samples were centrifuged and serum was immediately transferred into light-tight Eppendorf tubes. Blubber samples for POP analyses were stored in aluminium foil while blubber samples for vitamin A analyses were placed into light-tight Eppendorf tubes. In the field laboratory, all the samples were frozen before being shipped on dry ice to Belgium, where they were stored at À 80 and À 20 1C, for vitamin A and POP analyses, respectively.
Vitamin A analysis
Vitamin A in serum and blubber was extracted and analysed as described elsewhere (Debier et al., 2002b; Vanden Berghe et al., 2010) . Briefly, three successive extractions with hexane were carried out on each serum sample. The extracts were pooled, evaporated and the residue was reconstituted with methanol. For blubber, approximately 150 mg of each end of the biopsy (outer and inner parts) were saponified with ethanolic KOH under nitrogen. Each sample was then extracted twice with diethyl ether. The extracts were pooled and washed at least four times with MilliQ water before being filtered and evaporated. The residue was dissolved in methanol. Vitamin A concentrations were quantified with an external standard solution of retinol (for serum) or retinyl acetate (for blubber) in ethanol that underwent the same extraction procedure as the samples. Vitamin A was determined by high-performance liquid chromatography (HPLC)-DAD detector operated at 325 nm and equipped with a Supelcosil LC18 column (25 cm Â 4.5 mm Â 5 mm). Vitamin A was eluted isocratically with a 100% methanol mobile phase at 1.5 mL min À 1 .
Lipid and contaminant analysis
Details on the lipid determination as well as the blubber and serum sample preparation, extraction, clean-up, quality assurance and chromatography analyses are described elsewhere (Vanden Berghe et al., 2012) . In all samples, 35 PCB congeners , six PBDEs (IUPAC numbers: 
0 -DDE, and p,p 0 -DDT), HCB and two MeO-PBDEs (2 0 -MeO-BDE-68 and 6-MeO-BDE 47) were measured. Additionally, 20 HO-PCBs were investigated in serum: 138, 153, and 180) , 120, 127, 130, 146, 162, 163, 172, 177, 187, 193, 198, 199, 202, and 208 ) and 4-di-HO-CB202. The following three HO-PBDEs were targeted in all serum samples: 6-HO-BDE47, 5-HO-BDE47 and 4-HO-BDE49.
Statistical analyses
Statistical analyses were conducted using SPSS 17 for Windows. Vitamin A and all contaminant levels were ln-transformed to normalise the data. Linear mixed models (LMM) were used to test the impact of pollutants on vitamin A concentrations. The individual was considered as a random explanatory variable, whereas the period of lactation, contaminant levels (on a lipid-weight basis for blubber and on a wet weight basis for serum), as well as the concentration of vitamin A in the ''previous'' tissue (e.g. vitamin A levels in inner blubber in order to explain vitamin A levels in serum) were included in the model as fixed variables. Some of the studied contaminants were highly inter-correlated in all investigated tissues (Table S1 ) and thus, could not be included together into the same statistical model in order to explain vitamin A variations. Therefore, we performed a different vitamin A model for each individual compound (e.g. CB-153, BDE-47 and p,p 0 -DDE), as well as for the sum of each class of contaminants (SPCBs, SPBDEs, SDDXs and SMeO-PBDEs). Only tables summarising the results for total contaminant concentrations are shown in Tables S2-4 in the Supplemented Information. The level of statistical significance was set at p r 0.05.
Results
Details concerning POP levels and profiles, as well as lipid contents in maternal blubber and serum can be found elsewhere (Vanden Berghe et al., 2012) .
Mean concentrations of total vitamin A in blubber and serum are reported in Table 1 .
Blubber
There was no relationship between vitamin A and any of the investigated contaminants in outer blubber (Table S2 ). By contrast, vitamin A levels were positively related to SPCBs, SPBDEs, Table 1 Mean concentrations7 standard deviation of the total vitamin A concentrations in blubber and serum of 20 lactating grey seals.
Tissues
Vitamin A concentrations
Early lactation Late lactation
Outer blubber (mg/g ww) 557 20 617 18 Inner blubber (mg/g ww) 377 9 9 2 7 32 Serum (ng/ml) 4087 143 3907 98
SDDXs and SMeO-PBDEs, but not to HCB, in inner blubber ( Fig. 2 and Table S3 ). Concerning individual congeners, we observed that vitamin A was positively correlated (p-values between o0.001 and 0.035) to all PCB congeners in inner blubber, except CB-18, -28, -47, -49 and -110. Vitamin A in inner blubber was also positively correlated to all PBDE congeners measured in inner blubber (p-values between o0.001 and 0.007), except BDE-28. Concerning DDXs, the correlation was positive only for p,p 0 -DDE (p¼ 0.004). Finally, among MeO-PBDEs, a positive relationship was found only with 2 0 -MeO-BDE-68 in inner blubber (p¼ 0.023).
Serum
In serum, vitamin A concentrations were positively related to
SPCBs, SPBDEs and SHO-PCBs (Fig. 3 and 
Discussion
We examined the relationships between vitamin A levels and the concentrations of PCBs, PBDEs, their metabolites and OCPs in the blubber and serum of lactating grey seals. Correlations with naturally produced MeO-PBDEs were also investigated. The introduction of important factors, such as the period of lactation, in our LMM allowed the exclusion of the effects of time and thus, body mass and adipose lipid stores loss associated with lactation. Although several studies have already examined the relationships between vitamin A and PCBs or OCPs in seals (Nyman et al., 2003; Jenssen et al., 2003; Mos et al., 2007; Vanden Berghe et al., 2010) , this is the first study to explore the relationships between vitamin A and PBDEs, HO-PCBs and MeO-PBDEs in lactating seals.
Relationships between PCBs, HO-PCBs and vitamin A
Significant positive associations were found between vitamin A concentrations and SPCBs, as well as with most individual PCB congeners in inner blubber, except those which were found in less than 50% of the blubber samples, e.g. CB-18, -28, -47, -49 and -110 (Vanden Berghe et al., 2012) . This indicates that, regardless of the period of lactation, females with higher PCB levels in their inner blubber also tended to have higher vitamin A concentrations in that same layer. In addition, circulating vitamin A concentrations were positively related to SPCBs, as well as to some tetra-CBs (CB-99, -101, -105 and -118), penta-CBs (CB-128, -138, -146 and -149) and hexa-CBs (CB-174, -177 and -187) measured in the serum.
Vitamin A was also positively associated to serum levels of SHOPCBs and 4-OH-CB107, the major HO metabolite detected in serum (Vanden Berghe et al., 2012) .
The relationships between PCBs and vitamin A status have been investigated in laboratory animals, as well as in wildlife. Several molecular mechanisms have been suggested and are summarised in Fig. 1 . Increases in the circulating vitamin A after exposure to PCBs have already been reported in rats and were linked to a reduction of hepatic retinoid stores (Bank et al., 1989; Zile , 1992) , suggesting an enhanced mobilisation of hepatic vitamin A in PCB exposed animals. A reduction of hepatic retinoid stores following PCB exposure has also been observed in fish (Boyer et al., 2000) , birds (Bishop et al., 1999; Murk et al., 1994) and aquatic mammals Nyman et al., 2003) . Although several in vivo and in vitro studies showed that the activity of different liver enzymes involved in the retinoid metabolism were modified following PCB exposure (Fig. 1) , the mechanisms by which an increased mobilisation of vitamin A from the liver may occur are still unknown. One explanation may lie in the decreased LRAT and ARAT activities, two enzymes involved in the conversion of retinol into retinyl esters in hepatic stellate cells (D'Ambrosio et al., 2011) , and thus in the hepatic storage of vitamin A. Indeed, it has been shown that the treatment of rats with TCDD induced a decreased activity of LRAT and ARAT (Nilsson et al., 1996) . As coplanar PCBs are agonists of the AhR in a similar way to TCDD and the impact of TCDD on vitamin A metabolism occurs entirely via AhR (Nová k et al., 2008) , coplanar PCBs, such as CB-105 and -118, may also be able to induce comparable enzyme inhibition. An additional contributory mechanism could be an increased release of retinol bound to RBP into the blood circulation (Zile , 1992) . However, to the best of our knowledge, such a mechanism has not been described in detail.
Although liver vitamin A concentrations were not measured in the present study, it is possible that the positive relationships between PCBs and vitamin A observed here are due to an enhanced mobilisation of vitamin A from hepatic stores. The surplus released from the liver into the bloodstream could be either taken up by the kidneys, which play an important role in vitamin A metabolism (Käkëla et al., 1997) or stored in the blubber, which is an important storage site for vitamin A in marine mammals (Schweigert et al., 1987; Käkelä et al., 1997; Vanden Berghe et al., 2010) . Nevertheless, in a similar study performed on Scottish grey seals, including the same seal population, Vanden Berghe et al. (2010) did not observe any relationship between PCBs and vitamin A levels in serum of lactating females, although comparable vitamin A and PCBs concentrations were measured in both studies. In that previous study, some individuals could not be sampled at each period. The number of samples was thus sometimes unequal for some animals and tissues, which may have lowered the statistical power to detect some effects. Additionally, our current analysis used a more rigorous LMM approach, whereas panel data regressions were performed in Vanden Berghe et al. (2010) . The potential effects of PCBs on vitamin A in inner blubber could not be assessed in the previous study because there were too few matched samples for that tissue (11 out of 17).
Positive correlations between PCBs in blubber and circulating vitamin A were observed in weaned and fasted harbour seal pups . Similarly, Tornero et al. (2006) reported a positive correlation between retinoids and PCBs in the blubber of male common dolphins (Delphinus delphis). Individuals had, however, 10-fold higher PCB levels than in the present study. Both studies suggested an enhanced release of vitamin A from liver retinoid stores because of PCB contamination, contributing to increasing concentrations of vitamin A in blubber and serum. By contrast, Mos et al. (2007) found negative associations between PCBs and vitamin A levels in blubber of harbour seal pups exposed to similar PCB concentrations to the present study. Although Nyman et al. (2003) observed positive correlations between PCBs in liver and circulating vitamin A, they reported negative relationships between liver and blubber vitamin A contents and hepatic PCBs levels in grey seals. These studies suggested an increased mobilisation of vitamin A stores from the liver, but also from the blubber, leading to the depletion of vitamin A levels in these tissues and an increase of vitamin A in blood.
Most studies on seals report negative relationships between vitamin A and SPCB concentrations in the circulation Mos et al., 2007) . Although these studies did not investigate the presence of circulating HO-PCBs, they suggest that the decrease in retinol concentrations was likely due to a disruption of the TTR-RBP-retinol complex by specific HO-PCBs. This can result in a greater excretion of circulating vitamin A by glomerular filtration, as observed in humans and laboratory animals (Brouwer et al., 1998; Lans et al., 1993) ( Fig. 1) . Several recent studies support this hypothesis. In a recent in vitro study using [ 125 I]-T 4 and [ 14 C]-4-OH-CB107, Gutleb et al. (2010) have shown that 4-OH-CB107 completely saturated the binding sites on TTR for T 4 in wild living polar bears (Ursus maritimus). Nonetheless, the concentrations of 4-HO-CB107 detected in those polar bears were more than 25 times higher than levels detected in the seals of the present study (Vanden Berghe et al., 2012) . Gabrielsen et al., 2011 reported negative relationships between several HO-PCBs and thyroid hormones in in vivo studies with hooded seals (Cystophora cristata). Similarly, although not demonstrated in wild mammals yet, Cesh et al. (2010) found negative correlations between HO-PCBs and retinol in plasma of nestling bald eagle (Haliaeetus leucocephalus). These observations favour a competitive binding of HO-PCBs to TTR in wild animals. The positive correlations between HO-PCBs and vitamin A observed in the present study do not mean that HO-PCBs did not exert an impact on the blood transport of vitamin A, through the binding to TTR. Indeed, other molecular mechanisms occurring at different levels (e.g. enzymes, nuclear receptors) in liver and/or blubber may also take place and be at the origin of the positive relationships observed. Moreover, contrary to the present study, the previously cited works were carried out on non-lactating animals and, except for the study of , on nonfasting animals. Although the stage of lactation was used in our statistical models to control for temporal variation in lipid loss associated with lactation and fasting, lactation represents a physiological state associated with important metabolic adaptations. Therefore, other mechanisms may be at the origin of the positive relationships observed in our grey seal mothers. The fact that mobilisation and transfer of PCBs and vitamin A during lactation in grey seals appear to share common biochemical pathways may also contribute to the relationships observed in the present study (Debier et al., 2004; Vanden Berghe et al., 2010) .
Relationships between PBDEs, MeO-PBDEs and vitamin A
Vitamin A concentrations in inner blubber were positively correlated with SPBDEs, as well as with BDE-47, -99, -100, -153 and -154. Similarly, positive relationships were observed in serum between vitamin A concentrations and SPBDEs, as well as BDE-47, the prevalent PBDE congener found in the serum samples (Vanden Berghe et al., 2012) . The positive relationships between vitamin A and PBDE levels in serum and blubber may result, in part, from an enhanced mobilisation of vitamin A from the liver, as suggested earlier for PCBs.
PBDEs have been shown to decrease hepatic retinoid levels in rats (Hallgren et al., 2001; Ellis-Hutchings et al., 2006) , which may be explained in part by an enhanced vitamin A metabolism in the liver. For example, technical PBDE mixtures have been shown to induce both phase I and phase II xenobiotic metabolising enzymes in in vitro and in vivo experiments (Siddiqi et al., 2003) and may thus have adverse effects comparable to TCDD and dioxin-like PCBs on hepatic vitamin A homoeostasis. However, Sanders et al. (2005) reported only a weak up-regulation of CYP1A1 (a biomarker for activation of the AhR) by DE-71, a PBDE technical mixture, and BDE-47, -99 and -100 in rats exposed to high concentrations. On the contrary, PBDEs appeared to be more able to up-regulate CYP2B and CYP3A, both biomarkers for activation of Constitutive Androstane and Pregnane X Receptors (CAR and PXR, respectively). Sanders et al. (2005) suggested thus that PBDEs more likely mediate their toxicity through AhR-independent mechanisms. It has been shown recently that CYP3A was involved in the hepatic metabolism of retinoic acid (Ross and Zolfaghari, 2011) , suggesting that PBDEs may affect vitamin A metabolism, in part, through this pathway.
Mechanisms by which PBDEs may increase mobilisation of hepatic vitamin A have never been investigated. Few studies have analysed the effects of PBDEs on vitamin A status and most of them have been performed on laboratory animals or birds and often used non-environmentally relevant concentrations. Hallgren et al. (2001) showed that rats exposed to 18 and 36 mg/kg of Bromkal 70-5 DE, a technical mixture containing tetra-and penta-PBDEs (40% of BDE-47), had reduced hepatic vitamin A levels compared to controls. Although PBDE concentrations found in our grey seals are about 200 times lower, a comparable decrease following PBDE contamination may have occurred, leading to higher circulating vitamin A concentrations. However, although Ellis-Hutchings et al. (2006) also observed a significant decrease in vitamin A liver content in DE-71 exposed rats during gestation and lactation, no change in circulating retinol could be detected, suggesting that the mobilisation of vitamin A from the liver was not enhanced. Similarly, no significant correlation between SPBDEs and retinol in blood plasma were found in bald eagles with levels of contamination 10 times higher than the grey seals of the present study (Cesh et al., 2010) . On the other hand, American kestrels (Falco sparverius) exposed to environmentally relevant PBDE congener concentrations had lower plasma retinol levels when exposed to BDE-99 and -100, while reduced hepatic retinol and retinyl palmitate concentrations were observed when kestrels were exposed to BDE-47 (Fernie et al., 2005) . The direction of the relationships between PBDEs and vitamin A appeared thus to be highly variable according to the species, the physiological status of the animal, but also the congeners/mixtures and the level of exposure.
Positive correlations were observed between vitamin A, SMeO-PBDE and 2-MeO-BDE-68 levels in inner blubber. Since this is the first study to investigate the relationships between vitamin A and naturally produced MeO-PBDEs in any living organism, comparison with the literature was not possible. Moreover, the toxicity of MeO-PBDEs is still unclear. Some in vitro studies on human cell lines observed alterations of enzyme activity such as CYP17 and aromatase (Cantó n et al., 2005; Song et al., 2008 ). However, one major concern is likely the demethylation of MeO-PBDEs, which produces OH-PBDEs, a process that has been observed in some fish species (Wan et al., 2009) . A competitive binding of HOPBDEs on human TTR has been demonstrated in vitro (Meerts et al., 2000) and negative relationships between SHO-PBDEs and circulating retinol in bald eagles were observed (Cesh et al., 2010) . Therefore, the presence of MeO-PBDEs in organisms may have toxicological implications for vitamin A homoeostasis. Nevertheless, HO-PBDEs were not detected in grey seals serum of the present study, although the limit of quantification was rather low (5 pg/ml). Other studies have also reported no or low concentrations of circulating HO-PBDEs in seals (Routti et al., 2009; Weijs et al., 2009 ) and the authors suggested either low biotransformation or low retention of those compounds. PBDEs were present at low concentrations in blubber and serum in our lactating grey seals (Vanden Berghe et al., 2012) , so it is possible that HO-PBDEs are formed at only low rates. In addition, MeO-PBDEs which may also be a source of HO-PBDEs (demethylation) were also detected at low concentrations in blubber and were absent in serum (Vanden Berghe et al., 2012) . The low concentrations or absence of two potential sources of HO-PBDEs may explain the absence or undetectable levels of HO-PBDEs in serum.
Relationships between OCPs and vitamin A
Vitamin A concentrations in inner blubber were positively correlated with SDDXs and with p,p 0 -DDE in particular, the dominant DDX metabolite (Vanden Berghe et al., 2012) . In serum, no effect of DDXs on vitamin A was observed. Similarly, no association between vitamin A concentrations and low levels of HCB (Vanden Berghe et al., 2012) was found in any investigated tissues. In contrast to our results, Nyman et al. (2003) reported negative relationships between vitamin A and SDDX content in the liver but also in the blubber of grey seals. This decrease was coupled to an increase in circulating vitamin A. The authors suggested an exacerbated mobilisation of vitamin A from the liver and blubber, as already discussed for PCBs. On the other hand, vitamin A negatively correlated with SDDX concentrations in serum of juvenile sea lions . Little is known about mechanisms of action of DDXs on vitamin A status. Delport et al. (2011) showed that long-term DDT uptake reduced RBP concentrations in human blood.
Conclusions
We observed positive relationships between vitamin A and PCBs, PBDEs and DDXs in inner blubber and between vitamin A and PCBs, PBDEs and HO-PCBs in serum of lactating grey seal females. These results suggest that vitamin A may be mobilised from the liver and redistributed into the blubber. Even though some of the relationships observed in the present study differed from previously published studies, our data corroborate previous findings showing that environmental contaminants may disrupt vitamin A homoeostasis in wild seals. Although the lactation was taken into account, this particular state very likely plays a role in the relationships between vitamin A and pollutants. Among others, the fact that vitamin A and PCBs seem to be mobilised and transferred through similar pathways in lactating grey seals may contribute to the relationships observed. Finally, it is essential to remember that, in environmental studies, animals are exposed to a wide and complex mixture of compounds that interact with each other and that may interfere with the metabolism of vitamin A as mixtures or single compounds. The alteration of vitamin A status resulting from the exposure to environmental contaminants can affect the immune response with potential consequences on the resistance to infection at large (Mora et al., 2008) . Moreover, direct effects of retinol on morbillivirus infections have recently been partially elucidated (Trottier et al., 2009 ). These impacts of vitamin A on marine mammal resistance to viral infections certainly deserve more attention. Additionally, it would be worth investigating the potential impacts of POPs and their metabolites in suckling pups. Indeed, in one of our previous works (Vanden Berghe et al., 2010) , we showed that circulating vitamin A in suckling grey seal pups was adversely affected by PCBs found in milk and pup serum. These negative impacts on vitamin A status during a period of rapid growth and development could likely affect the health of young grey seals. 
